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IN1 RODUCTION

Objectives: The objective of this study has been to measure absorp-

tion coefficients of the cornea, aqueous and lens in the ultraviolet and

infrared regions using narrow band-width radiation. Present and proposed

operational lasers operate at many different wavelengths for which narrow

band ocular absorption coefficients are not available, specifically in the

ultraviolet and infrared. These ocular absorption coefficients are essen-

tial to develop a comprehensive mathematical model of ocular damage from

lasers. The generation of a reliable model will significantly reduce the

experimental program necessary to establish safe exposure levels.

The ocular absorption coefficients were to be obtained on rhesus mon-

keys for several reasons. First, previous experiences in this area showed

the difficulties of obtaining sufficient normal human specimens for making

such measurements. Second, previous work indicated that the similarity be-

tween the eyes uf monkeys and humans was close c"irgh so that good approxi-

mations can be obtained by making a size correction in moving from one spe-

cies to the other. Third, because the monkey is frequently used to estab-

lish the degree of ocular damage from electromagnetic radiation, one can

use such data along with the ocular measurements to evaluate the accuracy

of any mathematical model.

Scope of the Problem: The contract required that measurements be

made of the ocular transmission of the cornea, aqueous humor, and the lens

of the rhesus monkey through the wavelength region of 200 to 400 nanometers

in the ultraviolet and from 1.4 to 15 micrometers in the infrared. The mea-

surements were to be made continuously with wavelength if technically pos-

sible, at narrow bandwidths not to exceed 0.2 nm in the ultraviolet and

0.045 wn in the infrared. The transmission measurements were to be con-

verted into absorption coefficients except in those regions where the trans-

mission was measured as less than one percent. We finally decreased this

lower limit to <0.2%. In addition, we agreed in our response .o the re-
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quest for a proposal and in subsequent conferences that the measurements
would include both direct and total transmission as defined in our pre-

vious work (1, 2, 3)* and would be extended to the wavelength region from
400 nm to 1.4 pm to statistically verify or inrprowe our previous data.

Also, we would convert our previous data on both monkey and human eyes

into absorbance and absorption coefficients so that such information is
available from 200 nm in the ultraviolet to 15 Pm in the infrared. These
conve;rsions were to be made at close intervals and we finally selected

10 nm, except in the ultraviolet where the transmissions were changing ra-

pidly and 5 nm intervals were converted.

Background and Literature Review: Many investigators have concerned

themselves with the transmission and absorption of the ocular media to elec-
tromagnetic radiation, but almost entirely in the visible region to assist
in studies about the physiology of the eye. One of the first investigators
to concern himself with the transmission of the eye was Brucke, who inves-
tigated the reason for the invisibility of ultraviolet rays. Later, others

investigated the visible and infrared portions of the spectrum. Duke-Elder
summarized the work in this field up to 1952 very thoroughly in both Vol-
umes 1 and 4 of his textbook (6). In this summary, most of the measure-
ments reported have been made on animal eyes, especially those of the rab-
bit (13) and steer (10). The human data was that reported by Ludvigh and

McCarthy (8) in 1938, giving measurements in the visible region of 4 hu-

man eyes of average age 62 years, all with sarcoma of the choroid. Geer-

aets and co-workers (7) measured 7 eyes, only 2 of which could be termed

normal.

Because of the dearth of transmission information on human eyes, we
began a research program in 1960 and continued until 1967, the aim of which

was to determine the transmission characteristics of the eye in vitro for

electromagnetic radation in the ultraviolet, visible, and infrared region.

*See page22 for a list of references.
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TU.e program was divided into three phafs-. The first phase was to deter-

mine the transmission oi the individual ocular media, i.e., cornea, aque-

ous humor, lens, and vitreous humor. Phase two was devoted to measuring

the transmission of the composite ocular media, and phase three was con-

cerned with measuring thE transmission of the components of the fundus

and the reflection from the fundus. The measurements were made on 16

enucleated human eyes and on numerous eyes of rhesus monkeys. This work

culminated in our report of 1967 (3). Since that time, only a few papers

concerning measurements in limited portions of the visible spectrum have

been reported, with three devoted to measurements on the lens (4, 5, 9).

An excellent review of the status of studies on human ocular absorption

was compiled and published in 1972 by Dirk v. Norren of the Institute for

Perception, in The Netherlands (11, 12). We have recently carried out a

literature search for the period since 1972, but found no evidence of

further work in this area.
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EXPERIMENTAL PROCEDURE

Specimens: All measurements were made on the ocular media of (ma-

caca mulatta) rhesus monkeys. The animals varied in weight from 4 to 10

kg, and were obtained and maintained by the University of Michigan Lab-

oratory for Animal Medicine.. This laboratory is accredited as an Animal
Care Facility and all animals are handled in accordance with the proce-

dures outlined in "Guide for Laboratory Animal Facilities and Care", U.S.

Department of Health, Education and Welfare, N.I.H., and USAFSAM Regula-

tion 169-2, July, 1972. Because of the cost and scarcity of rhesus

monkeys, most animals were shared with other researchers, and sacrifice

dates were coordinated to obtain a maximum utilization of each animal.

Care was taken to assure that other experimenters used no drugs that

would result in the ocular media being other than normal.

The operational protocol that was used was as follows: The Pathology

Room of the Laboratory for Animal Medicine, which is about a city block

from our laboratory, was scheduled for a particular time. After we arriv-

ed, an anesthetized monkey of a size we had specified was brought in and

placed on an autopsy table. It was then given a sufficient dose of Eu-

tonyl to kill it. The eyes were enucleated immediately after death, and

the further dissection carried out immediately in the same room. The

aqueous was first removed with a hypodermic syringe, introducing the needle

in through the corneaoscleral limbus. The cornea was then removed by cut-

ting around the edge with an iris scissors. It was immediately placed on

one of the cell windows, covered with the other window, and placed in the

holder. The lens was removed by clamping on the zonule with a tweezers

and withdrawing the lens from the vitreous humor. It was placed in its

cell, being retained in position by a plastic shim that centered it in the

cell window. Another window covered it, compressing the lens slightly to

decrease its optical power. Following this, the needle of the syringe

containing the aqueous humor was introduced through the edge of a cell

previously assembled for this purpose. The cells were moved to the var-
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--ious spectrophotoneters an' the measurements made in the shortest time

u, possible. The first measurements were started within 40 to 60 minutes

- �* after the removal of the eye, with the subsequent measuring time varying

from 20 to 120 minutes. A series of direct transmission measurements

were made on the cornea, aqueous, and lens to determine any time effects

after the specimens were sealed in the cells. Transmissions were measired

at one, three, and seven hours after enucleation with the only effect be-

ing a slight increase in the transmission of the cornea (about 1% an hour).

This agrees with our findings in the previous study, that showed a similar

result.

Design of the Cells: The cells that were used to contain the ocular

media were designied to permit their use in any of three ultraviolet spec-
trophotometers and two infrared spectrophotometers. A schematic drawing

of the cell design is shown in Figure 1. Separate cells were utilized

for the cornea, aqueous media, and lens. Likewise, a compensating cell

was used in oach measurement conteinirng a single window equal in thick-

ness to th.ac of the two windows in the sample cell, tiereby compensating

for the reflection losses at the air-window interface and any absorption

within the windows. I
Two types of windows were used with the cells., For the ultraviolet

region, synthetic fused quartz manufactured by Amersil, Inc., with the

trade name Suprasil I was used. Windows 25 mm diameter and I mm thick
were in the sample cells and one of the same size but 2 mm thick was in
the compensating cell. The absorption of this material in the region

from 200 to 500 nm is shown in Figure 2. Fo" the infrared region, win-

dows of zinc sulfide were obtained from Eastman Kodak Company. This mat- .1

erial (trade name Irtran 11) is water insoluble, has good transmission

out to 12 jim, and is usable to 14.5 jrm. Figure 3 shows the transmission

of three windows I = thick and one 2 nin dOick. The three I mm windows

(top curves) were measured because of their somewhat different coloring

in visible light. However, as can be seen from the figure, their trans-

missions are within 1%, and the very small differences noted are not

5
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correlated to the visible color differences. For the cell containing the

cornea, a centering shim of 0.2 mm thick black plastic was used. For the
lens, a similar shim 2.8 mm thick was used. The aoueous was held in a

lead shim of I mm thickness, containing a small fill-hole through one

edge. We also obtained oie set of zinc selenide windows (Irtran 4) for

measurements in the region from 12 to 15 urm, but they were used only to
verify that the transmission in this region was less than 0.2Z.

Measuring Instrumentation: Two types of measurements were made on
the ocular media, defined in the same manner as in our previous work.
The first was the measurement of Direct Transmission, which is defined

as primarily that portion of the radiation that contributes to the image

formed on the retina. The second was the measurement of Total Transmis-
sion, which includes both that radiation measured as direct transmission

and that portion which is forward scattered by the ocular media. For
the direct transmission measurements, four instruments were used, i.e.,

9Spctroph•,t --ter, a A A. , a Per.

kin-Elmer 221 Infrared Spectrophotometer and a Beckman IR-8 Infrared .

Spectrophotometer. In these instruments, the radiation beam is some dis-
tance from the detector, and is converging to a minimum size where it

passes through the sample and strikes the entrance slit (in the infrared
spectrophotometers) or proceeds to other optical elements that focus the

radiation onto the detector (in the ultraviolet-visible instruments).
Therefore, if any scattering media exist in a sample, that portion of the

radiation that is scattered away from the dflned beam and is not recorded
by the detector, thereby reducing the measurvd transmission. For the total

transmission measurements, an Rminco DW-2 Spectrophotometer and an inter-
ference filter photometer were used. In these instruments, the sample cells

are immediately adjacent to a scatter plate and the detector. As a result,
the radiation that passes through the sample illuminates the scatter plate,

even if the sample scatters it as much as ±60* or more from its original

path.

Beckman DK-2A Recording Spectrophotometer:' This instrument disperses
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the radiation with a quartZ prisM irs a ittrovw arrangement, and has a&du-

table slits, with the slit width controlled either manually or by a servo

mechanism (Figure 4). Its wavelength range is from 185 nm to 3500 nm.

The spectral bandwidth is variable depending on the wavelength and slit

width, and the manufacturer gives dispersion curves (Figure 5) for deter-

mininy the bandwidth. Using these curves, the data in Table I were ob-

tained. To check the bandwidths experimentally, a mercury discharge tube

was used as a line source, and the measured spectral bandwidth was deter-

mined at 253.7 nm for several slit widths. These values are compared in

Table I1 with the manufacturer's claims (obtained from Figure 5). This

indicates that the measured values on our instrument is 30 to 40 greater

than those obtained from Figure 5. The wavelength accuracy of this in-

strument is within specs, and is better than ±0.5 nm.

Beckman Acta: This is a recording spectrophotometer for the spect-

ral region from 190 to 800 nm. It has adjustable slits and disperses the

radiation with a single grating (Figure 6). Its dispersion varies slight-

ly with wavelength (Figure 7) because of the optical design. Table III

gives the measured slit width and dispersion using the tungsten source

from 350 tc 800 nm and the deuterium source from 200 to 350 nm. The

bandwidth was determined from Figure 7, using the measured slit widths.

These values all are within the "less than 0.2nom specification for the

instrument, except at wavelengths greater than 700 mn, where the decreas-

ing sensitivity of the phototube requires wide slit widths. Using hol-

mium oxide glass as a wavelength standard, we confirmed the wavelength

accuracy as being better than ±0.5 wm.

Perkin-Elmer 221 Infrared Spectrophotometer: This instrtment re-

cords the absorption spectrum from I to 15 Pm using a sodium chloride

prism. It uses the prism in a littrow arrangement (Figure 8), with its

dispersion increasing with wavelength. However, If one uses the auto-

matic slit program incorporated in the instrument, the slit widths in-

crease at a somewhat equal rate, resulting in a band width that rmtns

within a factor of two out to 13 um. Table IV gives the effective band-
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width on the basis of the manufacturer's specification at 12.5 pm and

measurement of slit width when using the slit programning. We used some-

what narrower slit widths at wavelengths greater than 10 pm to gain bet-

ter resolution In this region.

Beckman IR48 Infrared Spectrophotooter: This instrment will re-

cord the spectrum from 2.5 to 16 lm using two diffraction gratings. From -J
2.5 to 6 pmo, a grating having 300 lines per - is used, and a second grat-

ing having 100 lines per mm is used for the balance of the spectral region.

SThe instrument has fairly uniform dispersion typical of a grating instru-

ment. The optical design is shown in Figure 9. The bandwidths, based on

the manufacturer's dispersion curves, are reported in Table V.

F•Aminco C)W-2 Spectrophotometer: This instrument was selected because

of its ability to measure the transmission of turbid solutions, and there-

fore is ideal for measuring what we have termed total transmission. This

is made possible by using a large end-on photomultiplier tube as the de-

tector, Id pLn te I'll a,gG a 61t.0% "V0111,1% *PVow I .vYY .

cathode. In doing this, one is measuring the total transmission over the

most of a hemisphere, accomplishing the same thing as we did in our pre-

vious work by using an integrating sphere arrangement. The DW-2 uses a

modified Czerny-Turner grating monochrometer, with slits whose spectral

bandpass is continuously adjustable from 0 to 17 nm. The optical ar-

rangement is shown schematically in Figure 10. On our instrument, the

usable wavelength range is from 200 to 825 mn, with the manufacturer's

claiming a resolution of "better than 3 A determined by the mercury trip-

let at 365 nm'.

Filter Photometer: A filter photometer for measuring the total trans-

mission at several discrete wavelengths in the infrared was assembled. A

schemtic diagram of the optical arrangement is shown in Figure 11. The

infrared source is a coiled section of Chroml No. 23 heating wire heated

electrically to about 8000C. The cells that hold the ocular media being

measured are the same cells as used in the spectrophotometric measurements.

8



The scatter plate is a sodium chloride window with one roughly ground sur-

face. Interference filters for measurements at 1.075, 1.55, 2.14, 3.6,

and 5.5 um were used. Operationally, one measures the ratio of the radi-
ation through the cell (both with and without a sample) to that without
the cell in place, thereby obtain the transmission of the particular corn-
ponent being measured.

The infrared photometer would be relatively insensitive for measure-

ments in the ultraviolet, and because two types of lasers (Nd at 265 nm
E~liand N2 at 337 rim) can generate relatively high powers in this region, it

was decided to also assemble an ultraviolet filter photometer. This in-
r Istrumental arrangement used is shown in Figure 12. The detector in this
1k device is a R.C.A. 1P28 photomultier tube with an ultraviolet transmit-

ting envelope for good sensitivity from 200 to 650 rim. We have two fil-
ters on hand for this region (260 and 335 nm). Measurements are maJe in

tesame way as described fo te infrared filiter pkhotow-er.

( *- Transmission Measurements: Sometime prior to measuring the ocular
I. media, the various spectrophotometers were warmed up and the 100% trans-

mission line established. Then the individual cells with their diaphragm

in place (but no ocular media) were also run to establish their transmis-
sion. This is necessary for those cases where the cell aperture is sialler

4-

than the beam of radiant energy passing through the sample. Correction of
the transmission for the reflection loss at the outer surfaces of the cell
windows and for absorption by these windows was handled continuously during
"recording by having a single double-thickness window in the reference beam.
After the specimens were placed in the cells, the measuroents were begun,
usually within about 45 minutes after the eyes were enculeatfd. The 100%
transmission line was checked for any drift before and after each run.
Transmission measurements were made for the entire region from 200 nm to

15 um. However, these measurements were not converted into absorbance or
I •absorption coefficients in those regions where the transmission was less

than 0.2%, because of the uncertainty of the measurements below this value.

p ~9I



Data Conversion Mathematics: A computer program was developed to make

use of the IBM 360 computer at the University's Computing Center, in order

to convert the large amount of data to be generated as percent transmission

into absorbance and absorption coefficients. To establish the spectral ab-

sorption of any material, it is necessary to measure the transmission and

either electronically convert it to absorbance using logarithmic amplifi-

cation or subsequently compute the absorbance. Further computation is ne-

cessary to correct for reflection losses and to convert the data into either

absorption coefficient or absorptivity at the wavelengths of interest.

Therefore, it appeared desirable to develop a computer program to carry out

the many computations. The programs which perform these types of computa-

tions are very elementary once the problem is defined, so this was our

starting point.

The problem: What is the decrease in radiant energy of wavelength A

in passing through an absorbing medium of thickness b contained between

two windows as described in the sketch below?

Surface No. 1 2 3 4

• %"%"'" •I ,

--- b--

Assume that the reflection losses off of the air-window interfaces 1 and

4 and any absorption by the windows are cancelled out by putting in the

reference beam of the spectrophotometer a single window of the same material

and of thickness equal to that of the two cell windows. Then, at surface 2,

if the incident intensity is Io, let the transmitted intxasity.be 12t and

from Fresnel's reflection law: In -nl 2

12t ' 10 - 10 nTT + A2

The incident intensity at surface 3 (after being absorbed by the media) is

10



I3i = 10-ab where a is the absorptivity. The transmitted intensity

at surface 3 is 2

13t 31 - I3i nj + n,IA _0a
l, then I3t-I =I 2t 1-ai I - (nI n 1•

;:=ilo-o 10 1" ) I0a

or log r LC. j = ab = A, where A is absorbance

If one wants the absorption coefficient

" b = In I-- [1-nO 1,-n

The procedure that was followed to generate the data required of this

research was to measure spectrophotometrically the transmission of the

ocular media at various wavelengths. These measurements were in percent

transmissions and were uncorrected for internal reflection losses. As

such, the transmissions (%T) were equal to i in the above formulae.

So the first requirement was to correct for the reflection losso or

%T (corr) = 77 [ n ( ;--i -)] n -2

then one could determine -j, a, and A using the following relations:

In100
= In �T (corr) /b

a-lo 100 la log-T(corr) /b

A a b

In our first program we used a single value of n2 , the index of refraction

11
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of ocular media at a single wavelength in the visible, to correct for

reflection losses at all wavelengths. This was done because the only

published indices of refraction are one or two values in the visible.
t Inasmuch as these data are close to those for water at the same wave-

length, we felt that a better correction would be obtained by using the
indices of water at all wavelengths, as .hey are available throughout
the spectral regions of interest. The Fortran statements to do this,,

along with a printout of the modified program, are given in Appendix
11I. A comparison of the results from the two programs showed that this
refinement resulted in only a very small change in the final data, with

the greatest change in the infrared when using the Jrtran II windows.

"Data Handling: After the spectra were recorded on each animal,

corrections were made in the transmission for any shift in the 100%
transmission line and for any reduction in transmission due to the cell

diaphragm. These values were placed on punch cards, along with the
wavelengths. With each card set was retained data on the weight of the

animal, the diameter at the geometrical equator of the eye, the date,
and instrument used. The computer had been programmed (see Appendix 11I)

to do the following at each wavelength:
1. Adjust the % transmission reading to correct for reflection

losses between the cell windows and the monkey ocular media.
2. Change the adjusted % transmission reading from step 1 into

absorbance (A 109100 "

3. Calculate the absorptivity (a ; A/b, where b is the thickness

in cm).
4. Calculate the Lambert absorption coefficient for monkey ocular

media ( a/.434).

5. Calculate the absorbance of the human ocular media (A = ab).

6. Calculate the % transmission of the human ocular media.
The data from step 1 were plotted into an absorption spectrum to produce

a composite curve for each ocular medium. From these a master curve was

12



developed that represents the best fit of the better spectra. Transmis-

sion data was transferred from the master spectrum to punched cards at
closely spaced wavelength intervals (depending on the rate of change of
transmission at that wavelength) and the computations in step 2 through

6 were carried out.

To calculate the absorption coefficients (step 3) one must apply the
length of the absorption path. In the case of the aqueous and the lens,
this was determined by the thickness of the shims used in the cells, which
were 1 mm and 2.8 mm respectively in these cases. For the cornea, the
absorbing thickne.;s was determined by the cornea itself. Because attempts
to measure the average thickness of the cornea, either directly or micro-
scopically, were only partially successful (see page 16, Discussion of
Results) we decided to use the average thickness of the living human cot-
nea (0.6 mm), as reported by Duke-Elder (6) and proportionally reduce this
by the ratio of the diameter of the human eye to the measured dimeter
of each monkey eye. This resulted in an average monkey corneal thickness
of 0.515 on. To calculate the absorbance and % transmission of hmanm oc-
ular media (step 3 and 6) path lengths of 0.60 mm, 3.0 am, and 3.2 m- were
used for the cornea, aqueous, and lens respectively.

13



RESULTS

Transmissions of the ocular media of 23 male rhesus monkeys (macaca
mulatta) were measured in this program. The animals varied in weight
ftrom 4 to 10 kg, and, according to the veterinarians in our Animal Care
Center, probably ranged in age from 2 1/2 to 8 years.

The transmission measurements were compiled into composite curves
for each ocular medium and best fit or master curves were developed ac-
cording to criteria stated in the section "Discussion of Results". The
master transmission curves are reproduced in Figures 13 through 18. A1.
though the transmission was measured from 200 m in the ultraviolet to
15 Jm in the infrared, the curves as reproduced were terminated at 2.6
tim in the infrared as no transmission greater than 0.2% was observed be-
yond this point. Also in these figures is a plot of the log of the ab-
sorption coefficient. The data taken from these transmission curves is
repeated In the comp$wter print-out shown in Tables X through XIV of
Appendix IV. These tables also contain the values of absorbante (A),

absorption coefficient (a) and, absorptivity (a) of the monkey eye and
the corresponding absorbance and transmission of the human eye as cal.
culated from the monkey data. The data in the tables are tabulated from
the shortest wavelength where the percent transmission Is at least 0.2%
to the longest wavelength showing a similar transmission. This figure of

0.2% is a conservative estimate of the smallest mount of transmission

to which our instruments will respond.

Other Physical Meseasurements: In conjunction with our measuripg pro-

gram, we accumulated a small amount of information on the size of the en-
ti re eye of the rhesus monkey and the water content of the cornea and
lens. The diameter of the eye, masured at the geometrical equator using

a vernier caliper, varied from 19.6 to 21.5 mm, with most being 20.8 ±

0.2 am. Although the weights of the animals varied from 4 to 10 kg,
there seemed to be no correlation between the weights and eye diameters.
This is perhaps not surprising, inasmuch as the diameter of the human

14



eye does not change drastically with age,

The water content of the cornea and lens was of interest beciujse of

the high absorption by water in the Infrared region of the spectrum. We
determined the amount of water by weighing and drying after completing

the transmission measurements. The weighing wes done on an analytical
balance before and after drying the specimens in a laboratory drying

oven at liOOC for five hours. The water content of the cornea was 81 ±

3" by weight and that of the lens was found to be 71 ± 3% by weight,

Ii
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DISCUSSION or RESULTS

As stated in the RESULTS section, the transmissions as obtained

from each spectrophotometer record were compiled into composite curves,
from which a master curve was developed by selecting what was consid-
ored the most iepresentative transmission reading at each wavelength.

In making this selection a number of factors had to be considered as

to causes for the spread in the data,

1. Ir iood spectrophotometry on clear solutions, variations in

transmission Measurements may be less than 1%, but on biolo-
gical specitw-is containing small amounts of particulate

matter (aqueous) or cintaining inhomogenelties in structure

(cornea, iens), the ptecision on measurements deteriorate,

due to the scattering of a portion of the radiation. The

effect of this scattei-ing will vary with the spectrophoto-

meter design and its optical alignment.

2, The amount of scattering wiii vary, with the "cieanliness" of

the specimen, i.e., was it contaminated with blood that one

encounters in the enucleation and dissection? Likewise,

were the cell windows clean?

3. Finally, there is the spread in the data due to the differ-

ence in transmission from the ocular media of one monkey to

another.

The instrumental differences were measured and reduced by measuring

the transmission of partially scattering solids (translucent plascics,

etc.) and optimizing optical alignments when necessary. Any transmission

differences introduced by the instruments were generally considerably

less than those introduced by Factors 2 and 3.

Maintaining the cleanliness of the specimens was the major problem,

compounded by the desire to maintain speed during the removal of the eye

but especially the dissection. The principal contaminates appeared to

be blood on the cornea, which was removed by washing with saline solution

16



.- before mounting in the cell, and contamination of the aqueous huK by
S• small fragme-nts of the iris. These contaminates always had the effect

of lowering the transmissions.

46 Knowing how the above factors entered our individual runs, some

data was discarded and a median was selected on the remainder. Table VI

is a statistical summary of the data at several wavelengths. The spread

of the remaining data is the total spread, after excluding some samples.

Cornea: The direct transmission readings (Figure 13 and 14), were

obtained on three instruments, the DK-2A, the Acta II, and the P.C 221

(greater than 1.0 um). In making the first few measurements we oncount-

ered a significant departure from our previous measutnments when using

the DK-2A, which was traced to the field of view of the measuring photo-

meter part of the spectrophotometer. In the previous measurements, the

viewing- field was established as about 1', based on manufacturer's data,

and on tracing the matter, found our present DK-2A to be plus 00 and

minus 30, due to a misaligniuit of the optics. Realigning the instru-

ment brought the field back almost to that used previously. The field

of the Acta 11 is about 2.5* while that of the P.E. 2.1 is very close to

I°. To maintain a consistancy with our previous definition of direct

transmission, all results were normalized to the 19 figure. The spread

of the normalized data is indicated in Table VI. The samples excluded

were in all cases the early measurements on the DK-2A lefore realign-

ment,

The total transmission ,feasurements (Figurm 13 and 14), were ob-

tained on the Aminco instrument in the ultraviolet and visible out to 800

nm. For the infrared, the filter photometer was used at three wavelengths,

"(1.075, 1.55. and 2.14 um), and these values were correlated with the dir-

ect transmission measurement and our previous measurements to produce the

total transmission curve. A discussion of measurement problems with the

filter photom.ter at. 1.55 um is given in the subsection " Filter Photo-

meter Measureinents".
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In •alculating the absorption coufficient and ,tblorp-tivity of the

cornea the value of 0.515 mam was used as the thti:kiess a-, .•tited on page

13. The reason for this was our inability to make a satisfactory measure-

ment of the average thickness. We first attempted to measure the

thickness microscopically, focusing the microscope on first one surface

and then measuring the travel of the objective to focus on the second

surface. The difficulty in selecting the exact focal plane and the depth

of focus effect iptroduced errors as great as 4- 0.1 mam. The direct meas-
urement with a micrometer produces even greater variations because of the
compressability of the cornea over small areas, The method closest to
being acceptable was to measure the sandwich consisting of the cell win-
dows and cornea, with the micrometer, and then subtracting the thickness

of the windows. Even over the entire area of the cornea, the compress-
ability was still a factor, so even here the variation in the measure-
ment was + 0.1 but averaged about 0.5 nu. We also measured this sand-
with with the plastic shim in place, and found that although the shim
was 0.2 mm thick it overlapped only a very small area on fihe eine of •ie
Cornlea and compressed this portion so that the overall thickness of tho
cell appeared to increase less than 0.1 im with the shim in place. Once

dtdin, this was hard to measure because of the compressability of the
sandwich. We talked to colleagues in ophthalmology research concerning
the possibility of using a slit lamp to make measurement of the corneal
thickness, and they discouraged us because of the difficultios one en-
counters in calibrating the technique for absolute measurements.

Aqueous: The aqueous measurements (Figque 15 and 16) were iade on the
DK-2A, Acta, and Antinco. 8ecause of the lack of scatterling material in the
aqueous, on0ly a single set of data results, The data that was '•xcluded
(Table VI) was the result of the aqueous beivg contaminated with small
amounts of iris pigment. This was readily evident from the transmission
readings with the DK-2A or Acta.

18i
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Lens: These measurements were made primarily with the DK-2A and the
Acta II. A statistical analysis of these data showed it to fall into two

groups shown in Figure 17 and 18. The data in curve 2 is from a group of

six lenses with a higher transmission and smaller deviations, and with j
close agreement to our previous work. The other group, curve 3, have low-

er transmission and a greater data spread, yet seem to be statistical

significant as a group. The two groups do not correlate with the measur-

ing spectrophotometers, in that data from uoth instruments are represent-

ed in both groups. Also, efforts to correlate the difference to the size

of the animal or the date of the measurement were not successful. Question-

ing ,the veterinarian at the Animal Center as to whether there was a pussi-

bility of sub-speces differences, he indicated that to the best of his know-

ledge, these were all the macaca mulatta type of rhesus monkey, and were
imported by a single importer from one area of India.

The total transmission measurements were made both with the Pminco
,,,,,,,rue,,ts and the filter photometer. This data fell into a single group,

unlike the direct transmission measurements previously described. The

problem is using the filter photometer at 1.55 pm was also encountered

here, and is described in the next section.

Filter Photometer Measurements: In making measurements with the fil-

ter photometer, we encountered two unanticipated measuring problems. The

first was in the infrared region, where interference filters were ordered
to correspond to five transmission maxima, i.e., 1.075, 1.65, 2.2, 3.8, and

5.4 trn. The filters as received and measured in our laboratory peaked

at 1.07F, 1.55, 2.14, 3.6 and 5.5 urm. These values were close enough to

the desired values to cause no problems except thie one at 1.55 Um, which

peaks or the edge of an absorption band. The first two attempts to use
this gave values greater than expected. In analyzing the discrepancy,

it became apparent that in order to caIculate and integrate the band-pass

of the filter when using it to measure absorption in a rapidly changing

region one also had to know the spectral distribution of the radiation

15



/

source (or its color temperature). This was determined in subsequent
measurements but because of difficulties In obtaining precise tempera-

ture values, the end result of the measured total transmission at 1.55

u.m was quite variable, as the standard deviations in Table VI indicate.

The other problem encountered was in the ultraviolet region, where

a filter peaking at 260 nm was obtained, to observe the regici correspond-
ing to that of the output of a Nd-yag laser. In making filter photometer

measurements at this wavelength on two corneas, we were surprized to ob-
tain "transmis•ions" of 3.0 and 3.6% when according to much previous work,

the measured total transmission should be less than 0.1%. On Investigat-
ing, we found that the cornea fluoresces at 340 nm when excited with rad-

iation having a wavelength of 260 ,m, and it was this longer wavelength

radiation that our photometer was measuring. This was determined by

measurements on an Aminco-Bowman Spectrofluorometer. Subsequent measure-
ments were also made on the aqueous and lens, which were also found to

fluoresce, It was found that all three media emitted radiation from 330
to 355 rorn when excited with radiation from 260 to 300 vim. In addition,

the lens will emit from 445 to 460 nm when excited with radiation from

345 to 375 nm. The amounts of fluorescence were not quantified, and

considerably more work will be necessary in order to quantitatively es-
tablish the spectral quantum yield of the fluorescence in the ocular

media. However, it is doubtful that this fluoresce was sufficient to

effect our total transmission readings on the ocular media at the short

wavelengths because of the very low power levels of the exciting radia-
tion incident on the cell in the conventional spectrophotometers.

Carbon Dioxide Laser Measurements: We were interested in obtaining

some total transmission measurements of both water and the cornea using

a CO2 laser and thermocouple combination. The purpose of the test was
to both determine that the narrow band pass of the laser at 10.6 im re-

sulted in the same very low transmission reading obtained with a spectro-
photkometer, and to determine whether this would be a practical technique

20



to determine the absorption coefficients of water in the highly absorbed

regions of the spectrum.

Arrangements were made with the Environmental Research Institute of
Michigan (ERIM) to use their CO2 laser on three occasions, taking the
cornea, sealed in its cell, to their laboratory for the measurements.
The transmission of the cornea was measured as being less than 0.001%
for this wavelength. We were unable to extend the measurements to lower
values because of problems associated with calibrating the equipment over

such a large range of attenuation (>105). Even in measuring the trans-
mission of a thin layer (0.1 mm) of water at this wavelength, although
our values were within an order of magnitude of the published values de-
termined by reflection, the problems of calibrating the measuring system

over this wide difference in radiation intensity between I and Io are con-

siderable. In Appendix II, it is suggested that this may be an approach

to obtaining more precise measurements of the absorption coefficients of

water ', the highly abscrbing regions. Our experiment in this regard
shows that the measuring system may encounter calibrating problems that
in the end could result in measurements with a variability as great as
those obtained by the reflection method.
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Table 
I

Beckman DK-2A -- Calculated Bandwidths

WAVELENGTH SENSITIVITY SENSITIvITY SENSITIVITYAAX. "20 210Nm Slit Band- Slit Band- Slit Band-
Width Width Width Width Width Width

Mm r nm MM200 - .30 .235 .38 .293 .54 .408
205 .21 .187 .26 .227 .38 .323S210 .142 .147 .19 .191 .26 .255i250 .051 .092 .068 .122 .031 .164300 -. 039 •.l69 .063 .212 .065 .258

350 -. 035 .311 .046 .374 .S 7 .449
400 -
500 .018 .910 .018 .91t600 - .018 1.794 .0?2 1.93700 - .030 3.14 .-t 3.72

80 .029 4.06 4.63

Table 11
Resolution of Beckman DK-2A at 253.7 rnm

Slit Measured CalculatedWidth, nm Bandwidth, nm Bandwidth, nm
.020 .076 .036

I .060 .14 .108
.090 .21 .162
.15 .32 27
.20 .44 .36
.30 •.62 4

354

i" 
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I 
Table III

Beckman Acta -- Calculated Bandwidths
Wavelength Slit Width Dispersion Bandwidth, ti

nilnm m nm/mm (calculated)
200 .080 2.365 .189205 .070 2.36 .165210 .060 2.36 .165250 .041 2.355 .096
300 .057 2.34 .133350 .6,15 2.33 .015
400 .075 2.31 .17500 .041 2.27 .093600 .034 2.22 .075700 .064 2.16 .138800 .33 2.08 .6864
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Table IV

Perkin-Elmer 221 Infrared Spectrophotometer

Calculated Bandwi dths

L.

Slit Band-
A dn/dx Width (nmm) width (jim)

2.5 .0024 .02 .010

5.0 .003 .04 .014

7.5 .0044 .069 .016

10. .0062 .11 .018
12.5 .0095 .185 .020

15. .011 .54 .053

Table V

Beckman IR-8 Spectrophotometer

Calculated Bandwidths

Slit Band- Slit Band-
Width (nun) width (pm) Width (nwi) width (urm)

2.5 .3 .021

5.0 .4 .028 .1 .011

7.5 .55 .035 .14 .015
10. .8 .049 .2 .020

12.5 1.1 .061 .28 .024
15. 1.8 .080 .45 .029
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I
rTble VI

L ::trktis't icn D tat

Total Samples Spread of Standard
A(m__ Samples Excluded Remainder Deviation

")able 1 400 19 6 14% 5.4%
800 31 13 13% 5.0%

1075 26 13 12% 3.1%z2200 24 8 12% 3.8

Table II 400 8 1 11% 4.2%
800 8 1 7% 2.6%

1075 5 13% 5.6%1550 5 16% 7.0%2140 6 7% 3.0%

Table 111 400 13 5 7% 2.3%
80o 12 3 9% 2.5%!0?5 9 7% 2.4%

2200 9 4% 1.2%

Table IVa. 500 6 9% 2.9%
800 6 6% 2.2%

1075 5 9% 5.3% -.1660 5 5% 2.0%

Table IVb. 500 11 2 20% 7.3%
800 17 1 29% 8.3%1075 13 3 13% 5.4%1660 13 1 7% 2.4%

Table V 500 8 1 9% 3.4%
800 7 6% 2.0%

1075 4 7% 4.4%
1550 5 2 9% 5.5%
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I.R. FILTER PHOTOMETER
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(BOWER LABORATORIES INC.
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I j
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_I.7] CAT. NO. RP-SW)
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SCELL
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Figure 11: Filter Photometer, Infrared
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APPENDIX 1: FLUORESCENCE OF THE OCULAR "EDIA

In the section, Discussion of Results, page 16, we related Gut

experience in encountering fluorescence of the cornea when using the
filter photometer, and subsequently verifying that it existed not only
in the cornea, but also in the aqueous and lens by using a spectroflu-

ormeter, It was found that all three media emitted radiation from 330
to 355 nm when excited with radiation from 260 to 300 nm. In addition,

the lens will emit from 445 to 460 nm when excited with radiation from

345 to 375 nm.

A literature search was carried out to determine what was known

about fluorescence in the ocular media, and our findings are summarized

below.

Cornea: Although we observe fluorescence in the corneas of rhesus
monkeys (excitation at 260-270 nm, emission at 33o-.40 .m. W) could fi4d

no rmports of such fluorescence in human eyes. Utsumi states flatly "The
normal human cornea does not fluoresce".

Aqueous Humor: Fluorescence of the aqueous humor has been previously

reported. Excitation at 278 nm yields emission at 330 nm, This fluores-
cence has been attributed to the presence of tryptophan in the aqueous

humor.

Lens: Fluorescence of the lens has been reported on many occasions,
including:

1. Tryptophan fluorescence - excitation at 278 nm, emission at

330 nm.

2. A yellow, water soluble pigment which fluoresces blue on
paper, which occurs in the lenses of many diurnally active
species. In man and primates this pigment has an absorp-
tion maximum between 365 and 368 nm. This pigment has been
identified as L-3-hydroxykynumenine -O-B-D glucose, and is

1
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reported to bo relatively constant in amount during aging.
3. L-3-hydroxykynurenine -0-0-0 glucose also occurs in the

aging human lens as a non-water soluble. non-dialyzable,

protein-bound pigment. It accumulates with age, and has

been associated with exposure to ultraviolet light. The

pigment may be formed by photooxidation of tryptophan pre-

sent in normal protein of lens. Absorption maximum at 366
nm, excitation at 360 nm yields 444 nm #mission.

Other kynurenine derivatives may also be present. This appears to ac-

count for the pattern normally seen in the human lens of being nearly

colorless at birth, very pale yellow as a child, and increasingly yellow

or amber with aging. Water insoluble (albuminoid) protein also increases

with aging, as does scattering of light in the lens.

Literature Reviewed:

Cooper and Robson, J. Physiol. (1969) 203, 411-417

Absorption spectra of letses (both whole lenses and solutions) of hu-

mans, baboon3, rhesus monkeys, squirrel monkeys, aod bush babys all

had yellow, water-soluble pigment with absorption maximum between

365 and 368 nm. Evidence for build up in adult human lens of a non-

water soluble pigment with maximum absorption of about 330 nm, in

addition to the water-soluble pigment. Thus absorption in blue end

of spectrum is increased, in aging, and x maximum shifts from 366 nu

for young human beings to 331-335 nm in those aged 52-87 years.

Grover and Zigman, Uxp. Eye Res. (1972) 13, 70-76 "Coloration of Human

Lenses by Near Ultraviolet Photo-oxidized tryptophan"

Used both whole human lenses and solutions of lens proteins. Showed

that in presence of tryptophan, eXposure to ultraviolet light yielded

pigment irrversibly bound to protein. Ultraviolet and tryptophan

treatment gave increase in absorption at 444 nm, similar to increase

at 440 nm that is observed in aging human lens. Showed normal human

gamma-crystallin fluoresces at 340 nm when excited at 280 nm, after

ultraviolet tryptophan treatment saw fluorescence at 440 nm due to

360 nm excitation.
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iHarding, Exp, Eye Res. (1972) 13, 33-40

Previous experimenters had reported a urea-insoluble protein in lens

- 1arding shows evidence that this is an artifact which can be avoided
by working anerobically. With aging, accumulate urea-soluble, water

"insoluble (albuminoid) protein, in both man and rat,

Kurzel et al, Exp. Eye Res. 17 (1973) 65-71

Graphs of lens fluroescence in both ultraviolet and visible. Excita-

tion at 330 nm yields fluorescence at 350 tim, attributable to trypto-

phan, in normal lens. Excitation spectrum is very complex. Dofinite
maxima at 300 and 400 nm, minor maximum at 425, 470 and perhaps 330 nm.

Kynurenine has emission maximum at 465 nm when excited by 300, 350 or
400 nm light. 3-hydroxhkynurenine has absorption maximum at 425 rm,

secondary maximum at 375 nni.

* Lerman, Ch. 50 of Contemporary Ophthalmology Honoring Sir Stewart Duke-

Elder, Williams & Wilkins, (1972) "Lens protein in Aging and Cataract

Fomnation"

Ocular lens is almost entirely water and protein, with >95% of proteins

being water soluble, at birth. Percentage of insoluble (albuminoid)

protein increases may be >50% in lens of senile individual. Water

soluble protein-gaimua crystallin contains fluorescent compound with
x maximum (absorption near 280 nm). Pigment Is protein-bound, and

emits at 444 nm when stimulated by 278 nm, 305 em and 370 nm light.

Fluorogen accumulates with age.

Lerman Israel J. Med. Sci. 8, 1582-1589
Lens scattering increases with aging, perhaps due to increase of large

albuminoid proteins plus changes in spatial arrangement. Lens fluor-

esces at 444 nm, when stimulated by 278, 305 and 370 nm light.

Pirie, Ch. 51 of Contemporary Ophthalmology (previously cited) "The

Effects of Sunlight on the Proteins of the Lens"

Exposed solutions of lens proteins to sunlight. All became pale yel-
low in a few hours, deep yellow in a few days, as did solutions of

serum albumin, tryptophan, and tyrosine. Reported that sunlight
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caused a fall in absorption at 276 nm, and a rise in absorption

above 300 nm and below 265 nm. Evidence of destruction of trypto-
phan by ultraviolet.

Satoh, Acta Soc. Ophthalmol. Jap. 75, 1627

Isolated four major fractions with molecular weight loss than 1000

from human lens protein. All absorb at 260 nm, with a shoulder at

300 - 350 nm. All fluoresce (410 nm-480 nm) when stimulated by 330

nm - 380 nm.

Satoh, Acta Soc. Ophalmol. Jap. (1971) 75, 1627-1629 (English Abstract)

Gel filtration yields four fluorescent fractions from the soluble por-

tion of aged human lenses. All possess absorption maximum at about

260 nm with a shoulder between 300 nm and 350 nm, and each fraction
fluoresces between 410 and 480 nm when excited by near ultraviolet

(330 nm to 380 nm),

Utsuml, Acta Soc. Opthalmol. Jap. (1971) 75, 1363-1373 and 76, (1972)

55-64 (English Abstract)

The normal cornea does not fluoresce (note cornea contains no trypto-

phan in its structural protein). However, corneal scar tissues inflam-
matory opacity, arcus seniles and various other conditions do yield

fluorescence.

Van Heyningen, Nature (1971) 230, 393 "Fluorescent Glucoside in Huma Lens"

Observed yellow peptide in protein-free dialysate of hunmn lenses re-

moved for cataracts, pigment fluoresced blue-white, on paper. Identi-

fled as glucoside of L-3 hydroxykynurenine.

Van Heyningen, Pro. of Biochem. Soc., Biochem. J. 123, 30-31, July 1971

Major fluorescent component of lens is the same in man and baboon (which

have very similar absorptions, according to Cooper and Robson) identi- -
fied as O-B-D glucoside of 3-hydroxykynurenine.

Van 1leyningen, Exp. Eye Res. (1972) 13, 155-160 "Some Observations on Post-

mortem Lens"

Confirms that under age 50, human lens is gener.'ly transparent; above I
that, visible opacities. "Lens of newborn baby is almost colorless

I
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and that of a child very pale yellow. Older lenses are shades of some-

what darker yellow". Normally, nucleus is not darker than water - if

this is observed, appears to be pathological.

Zigman, Science (1971) 171, 807-809 "Eye Lena; Color-Formation and Function"

Reported photooxidation of normal amino acids in lenses by ultraviolet

light would increase absorption at 365 nm and lead to fluorescence-sti-

mulation at 360 nm yielding fluorescence at 440 nm. Normally only try-

ptophan is fliMorescent, with stimulation at 280 nm yielding fluorescence

at 330 nm.

Zigman et al, Exp. Eye Res. (1973) 15, 201-208 V
Exposure to ultraviolet light interferes with lens protein synthesis

and catalyzes the formation of insoluble protein.

Zigman et al, Esrael J. Med. Sci. 8, 1590-1595
Both aqueous and lens fluoresce. Stimulate aqueous at 278 nm : 330 rn

fluorescence.
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APPENDIX II: ABSORPTION OF WATER AND SALINE

As an additional task on this program, we agreed to make measurements

on the transmission of water and saline solution. In indicating a desire

to do this, we exhibited a degree if naivete in under-estimating the magni-

tude of the problem but it soon became apparent once we began the actual

measurements. As a result, what we are reporting here is a discussion on

three topics, i.e., a brief description and a bibliography of the previous

work in this area, a comparison of limited data from our measurements, and

a suggestion on new approaches that may overcome some of the previous mea-

suring problems.

Methods: In the spectral region from 200 nm in the ultraviolet to 15

um in the infrared the transmission by pure water in the liquid phase varies

from "completely" transmitting to "completely" absorbing. Defining it in

more sc-entifc terms, one finds that the Lambert absorption coefficient var-
ies from less than 10- to greater than 10'. It is this g.reat range of

more than seven orders of magnitude that makes the experimental measurements

a challenging task, AIth the problem, compounded by the fact that there is no

direct way for measuring absorption. As a result, two indirect methods are

used, i.e., the measurement of either the spectral transmission or the spec-

tral reflectance.

A bibliography of work in this area is attached, along with brief ab-

stracts to indicate the methodology used. Values from nine of these refer-

ences are incorporated in Table VII.

Sectku, Transmission: The fractional transmittance at a specific wave-
length of water in an absorption cell of thickness b is given by the relatilo:

1/1. =- (!-R) ('I-A)e-ab

where R is the fraction if the energy reflected ;t the cell windows, A is

the part absorbed by the cell windown, and a is the Lambert absorption coef-

ficient. There are experimental difficulties in using this relatiovi to de-
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termine •. In regions of high transmission, one must precisely correct

for R and A. The effect of reflection R at the outer faces of the cell

windows can be eliminated by putting a window of the same material (or

V of the same index of refraction) in the ref-erence beam of the spectro-

meter to adjust I1 for this reflection loss. However, to adjust for re-

- tflection losses at the inner surfaces of the cell, between the cell win-

i. dows and the water, two windows are used in the reference cell, separated

by a very thin layer of water. If one uses windows of equal thickness

in both beams, thien one has currected for both R and A in the above equa-

tions. The absorption by the thin water layer in the reference beam can

either be neglected if very thin with respect to the sample cell thickness,

or can be co.rected for. In our measurements, this layer was 0.1 mnm thick,

compared with a 10 mm and 75 nrn thick!.:ess in the sample beam, and our re-

sults were corrected for this. However, even with corrections for window

reflection and absorption, one ultimately reaches a point below which the

error in this measureements ire equal or greater than the small amount of

energy that is absorbed. This error can come from several sources, in-

cluding water purity, window cleanliness, refraction effects (discussed

later) and instrumental noise. In our measuvements, we estimate that un-

certainties in a can be as great as 8% at a .05 cmnI, increasing to 30%
-1at a = .005 cm

In regions of low transmissions, one encounters other problems, with

the primary one being the accurate control of the thickness b. At high

absorption, it is necessary to work with a water thickness of a few micro-

meters in order to obtain a measureable transmission, but in doing this,

the thickness becomes difficult to control. We made no measurements be-

low 25 micrometer in thicknesses, but even here, found it necessary to

measure the thickness without distrubing or dismantling the cell. This

was done by using the technique of recording and utilizing the spacing of

interference fringes to calculate the thickness. However, it is uncer-

tainties of the thickness of the absorbing film that limit- %he precision

with which a can be determined in regions of strong absorption. Also, at

the longer wavelengths (greater Zhan 5 pm), stray radiation froa shorter
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wavelengths can produce errors in regions of high absorption. Further,

the lower signal-to-noise ratios that one encounters through all regions

of the infrared using a thermocouple detector severely limits ones abil-
ity to utilize scale expansion techniques to the extent that they are

used in ulti'aviolet/visible spectrophotometers. From our experience in
working in the infrared region, we estimate our uncertainty in a of 5%

at = 100 cm"1 , increasing to 15% at = 1000 cm".

Spectral Reflection: To overcome the problem of inaccuracies associ-

ated with measuring the transmission at wavelengths that are highly ab-
sorbed, several investigators have gone to the technique of measuring the

reflection from the surface of water and used the Cauchy reflection equa-

tions for determining ot. For example, at reflection normal to the surface:

R = (n-1)' + W•/4w)2

(n+l)2 + (a/4)

Here, R is a function of not only the absorption coefficient but also

the real component of the index of refraction. As a result, when one tries
to use this relation to determine a by measuring R, he must use an accepted

value of the index, and the errors associated with it. This works reason-

ably well at high values of t, but the accuracy becomes poor at low values,

where errors in n become an overriding factor. An example of this is the

work of Pontier and Dechambenoy (10) who, in using this technique obtained

a values systematically higher. As a result, those reviews that have tried

to compile the best values from the published works of various investigators

have generally accepted the transmission measurements for low values of a

and the reflectance measurements for high values.

Our Measurements: fo determine the absorption coefficient of water,

we used the transmission method. In the ultraviolet and visible regions

we have been using cell path lengths of both 10 mm and 75 umm, with an id-
entical cell of 0.1 nm in the reference beam. The longer cell appeared

desirable in order to have greater changes in transmission at those wave-
lengths where water is highly transmitting. However, we found that large
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shifts were encountered such that transmissions of greater than 100% were

measured at some wavelengths. This discrepancy was traced to the long path
length cell, which acts as a thick lens when placed in a converging or di-
verging bundle of radiation, thereby changing the size of the bundle at
the photodetector. This problem was extensive on both the Beckman DK-2A
and the B & L 505, and considerably less (but still a factor) on the Beck-

man Acta. An attempt to compensate for this by introducing an index of
refraction correction was unsuccessful, so all of the data presented here
was obtained using a 10 mm cell and scale expansion. The refractive errors
are still present using this shorter path-length, but are now decreased to
the order of magpitude of other measuring errors.

In the infrared region, all measurements were necessarily made at short
path-lengths (25 to 50 micrometers), with the result that we can not get mean-
ingful data when the absorption coefficient approaches 10 . In order to work
in these more abosrbing regions, we must find better ways of forming accurate-

ly measurable water paths of less than 20 microns.

To compare the published data and our mneasurements, we have selected

several wavelengths where it was felt that our methodology produced reason-
able results. These are compiled and compared in Table VII with the pub-

lished values from the first nine references given in the bibliography. Our

values are an average of eight individual runs. The overall spread of these
values are indicated in parenthesis under the ,verage value in the table.
One must keep in mind that a small difference in the transmission reading

results in a large difference in the absorption coefficient. For example,
a difference of 0.5% in the transmission at 2.2 tim results in a 11% dif-
ference in (. Likewise, at 3.8 um, a transmission difference of 0.5%

changes A by 2.2%. In comparing our values with the others, it appears
that a better agreement would result if our transmission measurements were
from 1/2% to 1% higher than actually observed.

Suonarizing then, there are two problem areas that have plagued inves-
tigators in the determination of the absorbing ability of liquid water.

These are 1) the accurate measurement of absorption in regions of high
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transmission, and 2) the accurate measurement of reflection in rtgions
of high absorption.

In the regions of high tranmisssion (primarily in the ultraviolet

and visible), one must go to very long path lengths in order to have a
measureable change of transmission, and in doing this, one Inmediately "

encounters two problems. The first is an optical problem, arising from
the refraction effects of the long water path. Almost all spectrophoto-

meters have their radiation beams converging and/or diverging in the re-
gion where the samples are placed, in order to have a maximum amount of

energy on the photo detector and still use a minimum sample size. As a
result, if one uses a very long sample whose index of refraction is dif-

ferent from that of air, the size of the radiation bundle at the detector
will be changed, and as a result a change in detector output. For example;

on our Beckman DK-2A Spectrophotometer, an increase in the signal output

resulted when a 75 mm cell of water was used in the sample beam, with an
indicated tof "10%o" at 500 mm. The Beckman Acta showed a
similar effect, but to a smaller extent. The most straight forward ans-

wer to this problem is to collimate the beam passing through the sample.
This has been done in some specially constructed spectrophotometers in

the past, but we know of none on the market at the present time. The ef-

fects can be partially over-come by the use of apertures and diffusing
plates, but with other limitations introduced. One obvious way around the
problem would be to use a tunable laser as a source on a spectrophotometer,

thereby making use of the collimation of a laser beam.

Another and equally serious problem in making measurements in the high

transmission region of water is the need for extremely high purity of the
water when using long path lengths and the difficulties associated with de-

termining when one has "pure" water. This latter problem is compounded
because impurities can cause either a decrease or increase in apparent
transmission. The latter case comes about if an impurity can be induced

to fluoresce when excited with the wavelength being measured. Figure 19
shows the variations in the ultraviolet absorption of several "pure" waters
collected around our laboratories, including those that were double-distil-
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led. Walter that was used was distilled in all-glass system after over-

i night refluxing with K140 This procedure removes organic materials
which can co-distill with water in a normal distillation. Even double-
distilled and de-ionized water suitable for atomic absorption work may

contain enough organics to interfere with absorption measurements. Al-
so included in Figure 19 is the absoription cur6v of a "Hospital Grade"
saline solution. Although this sample has transmission very close to

that of pure water in this region of the spectral, we would expect the

j •variation between samples to vary considerably, depending on the origin-
al purity of the water and sodium chloride, and the handling of the pro-

duct in bottling. All of the samples listed in Figure 19 showed no dif-
ferences in their absorption in the infrared region because the absorp-

tion by the water is many orders of magnitude greater than that by any
"impurities in the water or saline.

The principle problem in obtaining an accurate measurement of trans-

,ission 0 hMghiy absorbing spectral regions (primarily the infrared) is

that of obtaining a measureable amount of energy at the detector of the
spectrophotometer. Two apparent ways of overcoming this would require
modifying conventional instruments. One could use one of the many det-
ectors which are considerably more sensitive than a thermocouple, and ac-

cept the wavelength restrictions associated with them by continually chang-

ing detectors in moving from one spectral region to another. The other
would be to replace the conventional radiation source with a laser that
is tunable in the infrared, thereby obtaining considerably more radiation

per spectral-bandwidth (see comment on page 21).

1) Bayly, Kartha, and Stevens, Infrared Phys., Vol. 3 1963, 211 Wave-
length Range: 700 nm - 2.5 wm

Method: Direct absorption measurements. Graphs of data impossible

to read accurately. No correction for effect of refraction of rad-

* - iation beam by water.

2) M. Centeno, J.O.S.A., Vol. 31, March 1941, 244 Wavelength Range:
1.0 lim - 18.0 win
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Method: Review of existing data of reflection and absorption;

analysis using Cauchy equation.

3) Curcio and Petty, J.O.S.A., Vol. 41, no. 5, May 1951, 302 Wavelength

Range: .7 lil - 2.5 urm
Method: Direct absorption nmasurements. Used collimated beam, so
that pathlength could be varied without creating error due to refrac-

tion of beam by water. Excellent study -- but covers only near in-
frared.

4) Felix Franks, ed., Water: A Comprehensive Treatise, Vol. 1, 202
Wavelength Range: 275 urm - 3.4 um

Method: Direct absorption measurements and literature review.
Good values of a in OH-stretching region.

5) Hale and Querry, Applied Optics, Vol. 12, no. 3, Mar. 1973, 555

Wavelength Range: 200 nm - 200 i'm
Method: Literature Review, and subtractive Kramers-Kronig analysis

of published absorption data to generate values of re"ractiv• indleX.

Absorption data was obtained from 58 articles and books; data
was plotted to yield best visual fit, weighting the curve "in favor

of data reported by authors who in our judgement used careful ex-
perimental procedures"

This review had the benefit of several recent studies (includ-
ing our references 10, 11, 12, 13, 14, and 15 not available at time
ef reference 6).

6) Irvine and Pollack, Icarus, Vol. 8, 1968, 324-360 Wavelength Range:
200 nm - 200 urm

Method: Literature review: Used published absorption values and
Cauchy equation to generate values of refractive index.

Absorption data from 200 nm - 650 nm is based entirely on work
of Dorsey, "Properties of Ordinary Water Substance", published in
1940; this work utilizes some very old data.

As noted above, this review lacked the benefit of a number of

recent infrared studies, and neglected several ultraviolet studies.
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7) L.D. Kislovshii, Optics and Spectroscopy, Vol. 7, no. 3, Sept. 1959,

201 Wavelength Range: 2.2 pm - 100 im

- -Method: Calculated values of absorption peaks.

8) Lenoble et Saint-Guilly, Comptes Rendus, Vol. 240, Jan.-Mar. 1955,

954 Wavelength Range: 220 nm - 400 nm

Method: Direct absorption measurements, using long path lengths

"(up to 4.0 m). Only fair agreement with other studies. Insuffi-

cient technical information published to analyze method.

9) Plyler and Acquista, J.O.S.A., Vol. 44,1954, 505 Wavelength Range:

Method: Direct absorption measurements 30 pm, 10 vrm, and 5 urm,

pathlengths. However, large uncertainties in actual pathlengths

* of "10 irm" and "5 ,m" cells, used Beer's law to determine these,

based on 30 .,m absorption values.

10) Pontier et Dechambenoy, Ann. Geophys., Vol. 22, 1966, 633 Wavelength
. 1a . 0I - - 4A AV w

* 2Method: Direct absorption measurements to yield some values of a,

reflectance measurements to yield index of refraction, and also to

yield ,A values in areas where - is large. Insufficient number of

absorption measurements, and uncertainties in a values of up to 20%

near absorption maxima, up to 50% for 3.0 um band. a values syste-

matically higher than other studies.

11) Querry, Curnutle and Williams, J.O.S.A., Vol.59, no. 10, Oct. 1969,

1299 Wavelength Range: 2.0 ujm - 25.0 pjm

Method: Reflectance study. Used A values from reference 6, Irvine

and Pollack, except in 2.9 ijm - 3.1 pm and 13.0 vim and 13.0 tim -

20.0 pm regions, where reflectance value was used to calculate a.

12) Robertson and Williams, J.O.S.A., Vol. 61, no. 10, Oct. 1971, 1316

Wavelength Range: 2.3 um - 33.3 jrm

Method: Direct absorption measurements, utilizing a wedge-shaped

cell to obtain path lengths between 0 and 20 aim. Many measurements

of % transmittance at each point; pathlengths determined by inter-
5
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ference measurements.

13) Rush and Williams, J.0.S.A., Vol. 61, no. 7, July 1971, 895, Wave-
length Range: 2.0 um - 30.3 um

Method: Used reflectance measurements and absorption coefficient
values from previous studies to generate refractive index values,
using Cauchy equation,

14) Tyler, Smith and Wilson, J.O.S.A., Vol. 62, no. 1, Jan. 1972, 83
Wavelength Range: 360 nm -. 700 nm

Method: Reflectance study on "clear, natural water". Not in good
agreement with reference 5, but did not use distilled water. Values
not really relevant to present study.

15) Zolotarev, Mikhailov, Alperovich and Popov, Optics and Spectroscopy
Vol. 27, 1969, 430 Wavelength Range: 1.0 urm - 106 Jim

Method: Direct absorption measurements, internal reflection measure-
ments, and reflectance studies to obtain a and n.. for peak values of
absorption; Kramre-Kronig analysis to predict values at other points.
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APPENDIX III: FORTRAN STATEMENTS AND PROGRAM

A computer program was developed to convert the large amount of trans-

mission data into absorbance and absorption coefficients. The mathematical

development that preceded the programming is described in the section "EX-

PERIMENTAL PROCEDURE", subsection "Data Conversion Mathematics", starting

on page 10.

Table VIII lists the Fortran statements and Table IX is a computer

print-.out of the program.

Table Viii: Fortran Statements

CORRESPONDING FORTRAN IV
OPERATION NAM EXPOF RESON ..

A. Provide constants applicable to
-A.data beoitmi manipulated-

bin U optical pathlength of monkey bm = BMONK
eye component

bi - optical pathlength of corres- b , BIIUMN
ponding human eye component

B. Store in tht. computer a table
consisting of serially arranged
wavelength values and correspond-
ing spectrophotometer cell window
and monkey eye component refrac-
tive index data:
WAV (n) tabular wavelength WAV (n) = WAV (n)

nI (n) = refractive index of nion.. n1 (n) - RFEYE (n)

key eye component at a
parti cular wavelength

n2 (n) refractive index of spec- n2 (n) RFWIN (n)
trophotometer cell window
at a particular wavelength
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Table VIIJ: (cont.)

C. Read the % Transmi ssion of the men- Experimental wavelength
key eye component determined experi- WAVLN
mentally at a particular wavelength. Experimental % T - TRANM

D, Search the stored wavelength table for REYE a RFEYE (N-i + RFEYE(N)-
refractive index data corresponding to RFEYE(N-i *WAVLN-WAV
the experimental wavelength in question. (N-i))/(WAV(N)-WAV(N-1))
If an exact wavelength match does not
occur, perform a linear interpolation RWIN a RFWIN (N-i+ RFWIN(N)-
on the refractive index data correspond- RFWIN(N-i )*( WAVLN-WAV
ing to the two nearest tabular wave- (N-1))/(WAV (N)-WAV(N-l)
length values:

[n 1(n)-n 1 (n-.I)][WAVLN-WAV(n-1)J
Interpolated nlmn1 (n-l)+ WAV(n - WAV(n-1)

[n2 (n)-n 2 (n-1)][WAVLN-WAV(n-1))
Interpolated n2=n2 (n-I )+---'-y AV (n-l-)

E. Calculate the corrected % Transmission
of the monkey eye component using appro-
priate refractive index data:

Experimental % T CTM TRANM/((I-(((REYE-RWIN)/

/ n,-n2\ 2  (REYE+RWIN) )**2) )**2)

%Tcor 1 - 12)1

F. Calculate the absorbance of the monkey
eye component from %Tcor:

Abs = log 10or CAM = ALOGIO(I00./CTM)

G. Calculate the absorption coefficient
of the monkey eye component:

In -0 ALPHA (ALOG(IOO./CTM))/BMONK

bm
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rable VIII: (cont.)

H. Calculate the absorptivity of the
monkey eye component:

Absa b ABSRP CAM/8MONKbIn

I. Calculate the absorbance of the
corresponding human eye component:

AbsH (a) (bH) CAH = ABSRP*BIUMN

J. Calculate the /Transrission of
the corresponding human eye com-
ponent:

"T= (100) 10AbSH CTH
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APPENDIX IV: TRANSMISSION AND ABSORPTION DATA IN TABULAR FORM

Tables X through XIV are computer print-outs of transmission data

taken from the master curves (Figures 13 through 18), tabulated every

10 nm ex•ept where the transmissions were changing rapidly, where 5 nm

intervals were 'Used. Also included in the print-outs are the additional

data (absorption coefficients, absorbances, etc.) as described in the

section "Data Handling", page 12.

The thickness constants used in these measurements and conversions

were:

Monkey Human

Cornea 0.515 mm 0.6 mm

Aqueous 1.0 mm 3.0 mm

Lens 2.8 mm 3.2 ani

The data listed in the various columns of Tables X through XIV are

as follows:

Column 1: The wavelengths in nanometers.

Column 2: The percent transmissions of the monkey ocular medium

as taken from the master curve.

Column 3: The absorbance (log T) of the monkey ocular medium at

the thickness measured.

Column 4: The percent transmissions of the human ocular medium as

calculated from Column 5.

Column 5: The absorbances (log y-) of human ocular medium as cal-

culated from the corresponding monkey data and the above
thickness values.

Lolumn 6: The dbsorption coefficients, . (per cm- as determined

from column 7. 1

CoIumn 7: The absorptivities, a (per cml as determined from t',e

monkey ocular medium, using the thickness as measured

(see above). J
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APPENDIX V: 1967 DATA "

Tables XV through XIX contain the data obtained in our previous mea-
surements of the transmission of the human ocular media (3 ), and the con-
version of this data into absorption coefficients and absorbance, by means
of the computer programs. Tables XX through XXIV are a similar presenta- 4

tion of our previous data on monkey eyes. The same thicknesses of the
ocular media of humans and monkeys was used in the previous work, with one
exception. The aqueous humor of the monkey was measured at a thickness of

0.5 mm but the data as reported was converted to the transmission corres-
ponding to a thickness of 2.6 amm. This accounts for the lower and higher
values, respectively, of columns 2 and 3 of Table XXII when compared with
the same columns of Table XII, where a thickness of 1 mm was used.

Another difference in the computation of the 1967 data was that no
= corrections were made for reflection losses between the specimens and the

inner cell windows, the rational being that such losses were generally

less than the precision of the measurements. This assumption was valid
as only quartz windows were used, so that the difference in index of re- -

fraction between the window and specimen was small. In the present mea- -.

surements, it was the use of the Irtran windows, with their higher in-
dices of refraction, that made the inner cell reflection corrections ne- 4,
cessary.

"-r

With the data now all on a common basis, it is possible to intercom-
pare the recent measurements with the earlier work. Of interest is a corn- --

parison of the projection of recent measurements into that expected in the
human ocular media, with the actual measured values obtained earlier on the
human eye. Such a comparison looks reasonably good except in those spectral

regions indicated below.

Cornea: From 320 to 400 nm the new data gives a total transmission
less than previous, due to a lesser slope in this cut-off region.

A~queous: The new data, as projected to the human eye, gives a better
transmission of the aqueous from 300 to 500 nm, resulting from a sharper

i
134



cut-off at about 300 nm. Also, the small ultraviolet window from 200 to

I265 nm translates into a transmission of 1.5% in the human at 230 nm, while

the older data gave a maximum of half of this value.

SLens: The short wave cut-off of transmission in the 400 to 480 nm

region is more abrupt in the newer data with the result that the total

Stransmissions are less to about 500 nm, and slightly greater at longer

wavelengths. The same is the case for the direct transmission data, ex-

cept that the cross-over point is about 440 nim, and the transmissions are

greater in the visible for the new data.
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